Double heterostructures of strained GaN quantum wells (QWs) sandwiched between relaxed AlN layers provide a platform to investigate the quantum-confined electronic and optical properties of the wells. The growth of AlN/GaN/AlN heterostructures with varying GaN quantum well thicknesses on AlN by plasma molecular beam epitaxy (MBE) is reported. Photoluminescence spectra provide the optical signature of the thin GaN QWs. Reciprocal space mapping in X-ray diffraction shows that a GaN layer as thick as $28 nm is compressively strained to the AlN layer underneath. The density of the polarization-induced two-dimensional electron gas (2DEG) in the undoped heterostructures increases with the GaN QW thickness, reaching $2.5 Â 10 13 /cm 2 . This provides a way to tune the 2DEG channel density without changing the thickness of the top barrier layer. Electron mobilities less than $400 cm 2 /Vs are observed, leaving ample room for improvement. Nevertheless, owing to the high 2DEG density, strained GaN QW field-effect transistors with MBE regrown ohmic contacts exhibit an on-current density $1.4 A/mm, a transconductance $280 mS/mm, and a cut off frequency f T $ 104 GHz for a 100-nm-gate-length device. These observations indicate high potential for high-speed radio frequency and high voltage applications that stand to benefit from the extreme-bandgap and high thermal conductivity of AlN. V C 2014 AIP Publishing LLC. 1-5 These thick GaN buffer layers are either in the bulk GaN form or grown epitaxially on sapphire, SiC, or Silicon with defects. The conductive channels are two-dimensional electron gases (2DEGs) at the heterojunctions. Various design constraints exist-for example, to change the 2DEG density, one must change the barrier thickness. For high electron mobility transistors (HEMTs) on Silicon, the GaN buffer layers have to be very thick to prevent high electric fields from reaching the Silicon causing premature breakdown.
In this work, we show that moving to thin and strained GaN quantum wells (QWs) surrounded by AlN buffer and barrier layers are a feasible and attractive approach for electronic applications. The extreme-bandgap ðE g $ 6:2 eVÞ, electrical insulating characteristics, and high thermal conductivity (j $ 300 W=mK (Ref. 7)) of AlN brings about a number of opportunities and removes some of the constraints of being on a GaN platform. The device structures demonstrated in this work have very little GaN in them.
AlN has a large conduction band offset with GaN, and a large difference in polarization. The combination of the two induces high density 2DEG channels in AlN/GaN heterostructures on GaN substrates where the AlN is strained. 8 The large band offset provides tight electrostatic and quantum confinement, making AlN very attractive also as a back-barrier. The resulting metal-face AlN/GaN/AlN double heterostructure on AlN substrates is of great interest as a material platform to investigate electronic and optical properties of the isolated and confined GaN QW. In these heterostructures, the GaN QW is strained, and the AlN buffer and top heterostructure barrier are relaxed. An earlier report showed AlGaN/GaN/AlN double heterostructures with thick relaxed GaN channels. 10 In this report, we focus on the material characteristics of the heterostructures and the transport properties of the 2DEG in such double heterostructure strained GaN QWs. The direct current (DC) characteristics of ultrathin body GaN quantum well field-effect transistors (FETs) on AlN were recently demonstrated. 11 In this work, we also demonstrate vastly improved DC characteristics and radio frequency (RF) performance with cutoff frequencies exceeding 100 GHz using strained GaN QW FETs on AlN.
The AlN/GaN/AlN double heterostructures were grown on Al-polar semi-insulating AlN templates on sapphire by plasma-assisted molecular beam epitaxy (MBE) in a Veeco Gen 930 system. A $200-nm-thick unintentionally doped (UID) AlN buffer was epitaxially grown, followed by a thin strained GaN QW to host the 2DEG channel. The GaN QW thickness was varied systematically to investigate the 2DEG transport properties. An AlN layer was grown on the GaN QW as the top barrier and capped with a thin GaN layer to prevent oxidation of the AlN surface. The AlN and GaN layers were grown under metal rich conditions with a Ga flux of $2.6 Â 10 À 7 Torr, an Al flux of $9 Â 10 À 8 Torr, and a RF power of 275 W. The resulting growth rate was $140 nm/h, as inferred from various post-growth characterization techniques. The substrate temperature used was $720
C for the AlN buffer and $660 C for the GaN QW A thick AlN top barrier is expected to improve breakdown characteristics of nitride electronic devices.
14 In conventional AlN/GaN heterostructures on GaN template, it is impractical to have AlN top barrier exceeding critical thickness ($7 nm) 8 due to strain-induced relaxation of AlN and the resulting cracks. However, a thick AlN top barrier is enabled by the AlN template and strained GaN QW. To illustrate the benefit of the AlN template for allowing thick AlN top barriers, two heterostructures were grown with the same AlN top barrier thickness of 10 nm but on different templates: (a) a control sample of 2.5 nm GaN/10 nm AlN/1.5 m GaN/SiC substrate and (b) a QW sample of 2.5 nm GaN/10 nm AlN/20 nm GaN/1 m AlN/sapphire substrate. The atomic force microscope (AFM) scans of the surface morphology of (a) the control sample and (b) the AlN/GaN/AlN QW sample are shown in Fig. 1(a) and Fig. 1(b) , respectively. Fig. 1(a) shows the expected cracks on the control sample. For the sample (b) grown on the AlN template, no cracks were observed, indicating that the GaN QW is strained to the AlN buffer. Furthermore, the surface is very smooth, characterized by an rms roughness of $0.3 nm for the 2 Â 2 lm scan. The smooth surface is attractive for device processing and uniformity. Fig. 1(c) shows the schematic layer structures of the AlN/GaN/AlN double heterostructures used for the rest of the report. The thickness t GaN of the GaN QW, which is under compressive strain, is varied from 5 to 33 nm. Fig. 1(d) shows the 6 K photoluminescence (PL) spectra of AlN/GaN/AlN double heterostructures with varying GaN QW thicknesses, excited by a 325 nm He-Cd laser. Photon emission from the GaN QW is observed for all four samples. The GaN QW PL emission peaks at 374, 368, 377, and 372 nm for the 10, 16.5, 23, and 28 nm samples, respectively. The peak wavelengths and intensities are determined by quantized states in the well, the interplay of red or blue shifts determined by the polarization-induced quantum-confined Stark effect (QCSE), varying oscillator strengths, and the net optically active GaN material. A detailed analysis of the PL spectra is not attempted here, and is proposed for future work. For the rest of this report, we focus on the structural and transport properties of the heterostructures.
High-resolution X-ray diffraction (XRD) measurements were performed on the samples with varying GaN QW thicknesses. The top barriers for all samples were 2.5/4.5 nm GaN/AlN except for the AlN buffer control sample. Symmetric (002) reflection spectra in Fig. 2(a) shows the evolution of the GaN QW peak: the intensity of the GaN QW increases and the full width at half maximum (FWHM) decreases with the QW thickness. To investigate the strain state in the GaN QW, a 28-nm-thick GaN QW sample was examined by reciprocal space mapping (RSM) around the asymmetric (105) reflection, as shown in Fig. 2(b) . Two dashed lines for coherently strained (R ¼ 0) and fully relaxed (R ¼ 1) layers on AlN are included. 12 This RSM image shows that the GaN layer is strained to the AlN lattice constant 13 the GaN QW is in $1.78% compressive strain, and the AlN buffer is in $0.33% tensile strain. The relaxation of the GaN QW with respect to the AlN buffer is of (a GaN À a 0(AlN) )/(a 0(GaN) À a 0(AlN) ) $26%. In contrast to the small critical thickness ($7 nm) of AlN on GaN substrate, $4 times thicker GaN layer could be grown on AlN and remains strained. This enables tuning the GaN QW thickness without losing the benefits of strained heterostructures (e.g., thick top AlN barrier for higher 2DEG density).
The electronic properties of the AlN/GaN/AlN double heterostructures were modeled using a self-consistent Poisson-Schr€ odinger solver.
15 Fig. 3(a) shows the simulated energy band diagrams and the electron distributions for the 15/30 nm GaN QW samples, with a surface barrier height of 1 eV. The two heterojunctions at the top and bottom heterointerfaces of the GaN QW with AlN consists a fixed sheet charge dipole due to the polarization charge discontinuity between AlN and GaN. As the distance between the sheet charges of the dipole decreases with the QW thickness, the electric field in the well increases to confine electrons more tightly near the top heterojunction, and the 2DEG density decreases. Hall-effect measurements were performed at room temperature (RT) and 77 K with In dot Ohmic contacts to the QW 2DEGs. The dependence of measured 2DEG density and mobility on the GaN QW thickness is shown in Fig.  3(b) . The simulated trend of 2DEG density is also included, in agreement with the measured data. The discrepancy between the data of the 33-nm-thick sample and simulation may be due to the relaxation of the GaN QW. The piezoelectric polarization charge induced by the compressive strain in GaN layer is opposite to the spontaneous polarization charge. If the GaN QW is relaxed, the 2DEG density is expected to be higher than that in the strained case.
Unlike AlN/GaN heterostructures on GaN substrates, the 2DEG in the AlN/GaN/AlN double heterostructure is influenced by the bound negative polarization sheet charge at the bottom GaN/AlN heterojunction. This results in the dependence of transport properties on the quantum well thickness, which has been reported for AlGaN/GaN/AlGaN double heterostructures. 9 As shown in Fig. 3(b) , with the same top barrier thicknesses in all heterostructures, the 2DEG density can be changed by varying the QW thickness from $1.2 Â 10 13 /cm 2 to $2.5 Â 10 13 /cm 2 . This is in stark contrast to AlGaN/GaN 2DEGs, where the 2DEG density depends on the barrier thickness. This heterostructure enables other capabilities. For example, normally off operation could be enabled in 5-nm-thick GaN QW samples (not shown), which were highly resistive in the Hall-effect measurement. This is without compromising the thickness or the bandgap of the top barrier, but requires one to form self-aligned contacts. The 2DEG mobility remained below $400 cm 2 /Vs at RT, which is lower than that of conventional GaN HEMTs. The mobility is expected to improve with better control of the growth conditions and by the reduction of dislocations and defects from the substrate, which can be achieved by moving to bulk single-crystal AlN substrates. Another possibility for the observation of the low effective Hall-effect mobilities is the possible presence of a 2D hole gas in the quantum well.
The energy band-diagram simulation in Fig. 3 (a) also shows that a two-dimensional hole gas (2DHG) must form at the bottom heterojunction in the ideal case. We recently reported the observation of a very high density 2DHG due to the negative polarization charge in similar GaN/AlN heterojunctions, but without the AlN top barrier layers. 16 No direct evidence of the 2DHG was observed in the Hall-effect measurements in the AlN/GaN/AlN double heterostructure samples reported here. It is possible that the Hall-effect measurement is sampling parallel electron-hole bilayer transport, but more careful transport analysis-for example, using quantitative mobility spectrum analysis (QMSA) can help uncover such ambipolar transport behavior. Such a measurement has not been performed on these heterostructures yet. A possible way to intentionally induce a 2DHG at the bottom heterojunction while keeping the 2DEG at the top heterojunction is by incorporating Mg modulation dopants. Such heterostructures with electron-hole bilayers in close proximity can potentially exhibit phenomena-such as Coulomb drag and correlated transport-and will be explored in the future.
The AlN template used here is on sapphire. The high thermal conductivity of bulk AlN substrates will enable efficient heat dissipation of RF and high-voltage transistors. The high breakdown field of AlN makes it an attractive substrate platform in nitride power electronics. To illustrate the capability of the AlN/GaN/AlN strained QWs, FETs were fabricated and studied. For the device fabrication, a 30 nm GaN , and the mobility $310 cm 2 /Vs with a sheet resistance of $920 X/ٗ measured by Hall-effect. MBE regrowth process was employed for forming low-resistance Ohmic contacts ð$ 0:1 X Á mmÞ to the QW 2DEG channel.
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The schematic cross-sectional view of the devices with regrown Ohmic contacts is shown in Fig. 4(a) . 100-nm-long gates were defined by electron beam lithography. The family of I d À V ds curves of the QW FET is shown in Fig. 4(b) . A saturation drain current of $1.4 A/mm is observed, even on the AlN-on-sapphire substrate. The on-resistance is R on $ 1:8 X Á mm in the linear region, dominated by the access resistances between the gate-source and gate-drain regions. Self-heating 17 was observed due to the poor thermal conductivity of the sapphire substrates. Bulk AlN substrates with better heat dissipation will significantly boost the device performance. The linear and semilog scale transfer characteristics of the 30-nm-thick GaN QW device at V ds ¼ 6 V are shown in Figs. 5(a) and 5(b), respectively. The peak extrinsic transconductance reaches $280 mS/mm, with the current on/off ratio exceeding five orders of magnitude. From the scanning electron microscope (SEM) image in Fig. 5(c) , device dimensions of L g $ 100 nm; L sd $ 650 nm and L gs $ 300 nm were measured. The cut off and maximum oscillation frequencies (f T , f MAX ) were measured to be 104 GHz and 36 GHz. The short-circuit current gain ðjh 21 j 2 Þ and unilateral gain (U) are plotted in Fig. 5(c) . It is surprising that despite the low ($4 Â lower) mobility, the device performance matches that of the conventional 80-nm T-gate AlN/GaN HEMTs on sapphire with similar dimensions. 18 This shows a high potential for RF and high-voltage applications.
In conclusion, we have realized MBE-grown AlN/GaN/AlN double heterostructures with thin and strained GaN quantum wells surrounded by AlN. Thick AlN top barrier was enabled by the AlN template and strained GaN QW with smooth surface. Photon emission from the GaN QW was observed in photoluminescence spectra, and investigation of other optical applications is proposed for future work. The density of the 2DEG could be varied by changing the QW thickness while keeping the top barrier in the heterostructure fixed, which is in contrast to conventional AlGaN/GaN heterostructures. The transport properties of the 2DEG channel was studied, and the device performance of 100-nm gate length FETs was found to exhibit cutoff frequencies higher than 100 GHz, in spite of low Hall-effect mobilities. The AlN/GaN/AlN heterostructures reported here, thus, form a material system for electronic applications, and at the same time provide a playground for interesting transport physics that has not been seen yet in the III-Nitride material system. 
